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The photophysical properties of molecular sensitizers incorporated within sol-gel processed
wide-bandgap semiconductors are reviewed. Excited-state interfacial electron transfer in
sensitized colloids and colloidal films provides a basis for the conversion of photons into
potential energy. Sol-gel processed materials with high transparency in the visible region
allow charge separation and recombination processes to be quantified spectroscopically. The
yields and dynamics of these processes are reviewed for a wide variety of sensitizer-
semiconductor assemblies. Implications for solar energy conversion and other molecular
device applications are discussed.

I. Introduction and Background

A. Introduction. Sol-gel chemistry provides a
convenient approach for the preparation of wide-band-
gap semiconductors with distinct advantages over other
semiconductor processing routes.1 These include the
ability to tailor surface and bulk properties to form
metastable phases under ambient conditions (such as
anatase TiO2), low-temperature processing, and the
ability to cast the materials in virtually any shape or
form. The mild processing conditions allow one to
spatially arrange and isolate a variety of molecular
components within metal oxide semiconductors, such as
TiO2, ZnO, and SnO2, and provides the basis for new
classes of molecular level devices.2 Further, semicon-
ductor materials with high optical transparency can be
prepared that permit the photophysical properties of
molecular excited states to be spectroscopically and
electrochemically probed in a manner that was not
previously possible.3 Optical studies through the solu-
tion-to-gel transition allow the supramolecular nature
of extended solids to be systematically explored on a
molecular level.4 These are the subject of this review
article.
Detailed reviews of excited-state processes within

sol-gel processed insulators have recently appeared in
the literature.4 However, this contribution appears to
be the first review of molecular excited states integrated
into sol-gel processed semiconductor materials. As will
be discussed in detail below, the inherent electronic
nature of semiconductor metal oxides can directly
interact with molecular excited states in a manner not
energetically possible with insulators.3 More specifi-
cally, an excited sensitizer, S*, may transfer an electron
to the semiconductor forming a charge separated pair
(eq I). For artificial photosynthetic applications, the
importance of this charge-separation process is that it
provides a molecular basis for the conversion of photons
into potential energy.5 If the interfacial charge-sepa-

rated pair has a sufficiently long lifetime, it may
undergo subsequent bimolecular redox processes form-
ing useful chemical fuels, such as hydrogen and oxygen.
For these type of applications, it is desirable to prevent
the energy-wasting charge-recombination process that
yield ground-state products (eq II). A fundamental goal,

therefore, is to form interfacial charge separated states
that have long lifetimes.5
A particular advantage of interfacial charge-separated

states at semiconductor materials is that the injected
electron can be collected as an electrical response.6-11

This forms the basis for new applications that exploit
both the electronic and optical properties of the sensi-
tized materials, such as charge storage, displays, chemi-
cal sensing, and optical switching.2 To date, the most
promising applications have been in the direct conver-
sion of light into electricity with sensitized nanocrys-
talline semiconductor films.6 This science has roots in
sensitization studies of single crystal electrodes from the
early 1970s.7-10 The nanocrystalline materials pre-
pared through sol-gel routes display interesting optical
and electronic behavior that cannot be rationalized by
traditional Schottky junction models and represent the
basis for the rapidly growing area of nanostructured
photoelectrochemistry where sol-gel science continues
to play a key role.11
The outlay of this review is as follows. First as

background, the sol-gel chemistry of metal oxide ma-
terials and potential applications of molecular excited
states incorporated within them are briefly presented.
This is followed by a literature review of dye sensitized
sol-gel processed semiconductor colloidal solutions and
colloidal films. The conclusion summarizes these find-
ings and suggests new directions for future research.
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B. Sol-GelMaterials. The sol-gel process involves
the hydrolysis (III) and condensation (IV) of metal

alkoxides to formmacromolecular metal oxide networks.
In general, the chemistry is far more complex than that
shown in Reactions III and IV. For example, the
structure and chemical nature of many metal alkoxides
remains unknown.12 These reactions have been studied
extensively for the formation of SiO2.1 Unfortunately,
the sol-gel chemistry of transition metal and other
main group metal alkoxides is far less well developed.12
Despite this, sol-gel routes to a wide variety of metal

oxide materials are available in the literature. Some
important observations that have emerged from studies
of transition-metal sol-gel chemistry have recently been
discussed by Sanchez and Livage.12 A general “rule of
thumb” is that the relative rates for hydrolysis and
condensation reactions dictate the physical and chemical
nature of the products. Fast hydrolysis followed by slow
condensation rates generally lead to the formation of
polymeric gels, while fast hydrolysis and fast condensa-
tion often yield colloidal gels or gelatinous precipitates.
In contrast, slow hydrolysis and condensation reactions
leads to the production of colloidal solutions. The rates
of hydrolysis and condensation can be systematically
controlled with pH, electrolyte, metal alkoxide precur-
sors, temperature, solvent, and hydrolysis ratio.1
While the details of the sol-gel chemistry go beyond

the scope of this review, suffice it to say that a wide
variety of metal oxide materials can be prepared that
are ideal for molecular photonic applications.1,12 Many
of these materials have been known for decades. For
materials of most relevance to this review, a brief
discussion of the preparation and characterization is
worthwhile.
1. Colloidal Solutions. Moser and Grätzel have

developed a colloidal TiO2 preparation from the sol-
gel processing of TiCl4.13 TiCl4 (5 g) was added slowly
to water (200 mL) at 0 °C, and the resulting solution
was dialyzed to pH 3. UV- purified poly(vinyl alcohol)
was used to stabilize the sol above pH 3. Roughly
spherical particles of 50 Å consisting of anatase and
some amorphous TiO2 were produced.13 The procedure
of Micic uses 2.2 mL of TiCl4 cooled to -20 °C added
dropwise to cold water (0 °C) and then dialyzed with
deionized water.14 The TiO2 particles were approxi-
mately 4-7 nm in diameter (Figure 1) and colloidal
solutions display negligible absorption or light scatter-
ing at wavelengths longer than 400 nm. Titration with
peroxide was used to calculate the TiO2 concentrations.
Preparations of TiO2 colloidal sols from titanium tet-
raalkoxides are also well documented.15,16
A sol-gel route to 55 Å wurtzite ZnO particles was

reported by Spanhel and Anderson.17 As the colloids
aged, the authors observed a sharpening of X-ray
diffraction peaks, indicating an increasing degree of
crystallinity; these observations are suggestive of Ost-
wald ripening.17
Commercial SnO2 colloidal dispersions (Johnson Mat-

they), often used in sensitization experiments, are
available. These consist of 15-18% cassiterite SnO2

colloids, produced in a proprietary procedure, suspended
in pH 9-10.5 water with a 0.3-0.5% NH4

+ or K+

counterion concentration.18

2. Nanocrystalline Films. Several routes to porous
nanocrystalline TiO2 films exist.19-22 Early reports
indicated use of the “fractal” preparation, so-called
because of the geometry of the resulting colloidal film.
Fractal TiO2 films were made in a manner similar to
high-temperature hydrolysis procedures.19 In a typical
preparation, TiCl4 (21 mmol) was dissolved in absolute
ethanol (10 mL) and diluted with methanol to a Ti
concentration of 25 or 50 mg/mL. A titanium foil or a
fluorine-doped SnO2 (FTO) electrode is dipped into this
solution, coating the substrate with titania species. This
layer is then hydrolyzed in a humid chamber at room
temperature for 30 min, followed by sintering in air at
450 °C. The coating, hydrolysis, sintering step can be
repeated to add several coats of TiO2 to the substrate.
After the final coat of TiO2 was deposited, the electrode
was sintered one final time at 550 °C under an Ar
atmosphere, creating a white, high surface area film.
Commercially available Degussa P-25 TiO2 is made

via flame hydrolysis of TiCl4, producing a highly dis-
persed powder with an average diameter of 21 nm and
a specific surface area of 50 m2/g.20 This synthesis is
obviously not a sol-gel process; however, since funda-
mental studies have been conducted in the area of dye
sensitization of particulate semiconductors with De-
gussa P-25, we have included some relevant results in
our discussion.
A key step forward was the preparation of transpar-

ent colloidal anatase films.6,21 A preparation that is now
widely used is as follows: 50 mL of Ti(i-OPr)4 was added
over 10 minutes to a stirred solution of 300 mL of
deionized water and 2.1 mL of 70% nitric acid in a flask
open to the air. A flaky white precipitate formed
immediately upon addition of the alkoxide. The mixture
was then heated to reflux with continued stirring for 8
h. During this time the precipitate dissolved and the
solution became nearly transparent. The solution was
then cooled, and the final volume was adjusted with
water to achieve a concentration of 150-170 g of TiO2/L
(based on complete reaction of the initial Ti(i-OPr)4).
Approximately 25 mL of the 150 g/L TiO2 solution was
placed in an acid digestion bomb and heated to 200 °C
overnight. After cooling to room temperature the
mixture had a consistency and appearance of white glue.
Poly(ethylene glycol) (1.5 g) reacted with Bisphenol A

Ti(OR)n + H2O f Ti(OR)n-1(OH) + ROH (III)

Ti(OR)n + Ti(OR)n-1(OH) f Ti2O(OR)2n-2 + ROH
(IV)

Figure 1. Transmission electron micrograph of colloidal TiO2

particles prepared from TiCl4.
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diglycidyl ether (MW ∼ 15 000 Aldrich) was added and
the mixture stirred for an additional 6-8 h. Thin-film
electrodes were prepared by depositing a few milliliters
of this mixture onto FTOmasked with transparent tape,
and spreading the material with a glass test tube. After
air-drying, sintering is performed in air or oxygen at
450 °C for 30 min. The result is a mesoporous anatase
film that is approximately 5-10 µm thick. The materi-
als were then cooled to room temperature and used
for sensitizer attachment.
Anchoring the sensitizer to colloidal TiO2 films simply

involves soaking the films in millimolar sensitizer
solutions.21 A common sensitizer series is Ru(II) poly-
pyridyl complexes containing the ligand 4,4′-(COOH)2-
2,2′-bipyridine, abbreviated dcb, that can bind to TiO2
through dehydrative coupling with surface hydroxyl
groups to form ester linkages (eq V).7,23-25 These

sensitizers are stable in organic solvent and acidic
water, but the sensitizers are rapidly freed in basic
aqueous solution. Recently, linkages based on acac and
phosphonate groups have been reported.21,26 The phos-
phonate linkage is particularly attractive since it is
stable in alkaline solution.26

While the most widely studied material has been
TiO2, the sol-gel process has been successfully em-
ployed in the preparations of other colloidal materials,
several of which are ripe for charge separation studies.27
Thin films of colloidal ZnO were synthesized via careful
hydrolysis of zinc acetate producing a porous film
consisting of particles 20-50 Å in diameter.27d SnO2
colloidal films, prepared by deposition of commercially
available sol (Johnson Matthey) on indium-doped tin
oxide coated glass electrodes have been reported.27e,31

C. Applications. To date, almost all applications
of molecular excited states in sol-gel processed semi-
conductors have been for solar energy conversion. Wide-
bandgap semiconductors, Eg > 3 eV, do not appreciably
absorb visible light, and the incorporation of molecular
chromophores allows efficient solar harvesting. Both
organic and inorganic sensitizers have been employed,
as discussed below. The most robust and efficient
sensitizers are based on the metal-to-ligand charge-
transfer (MLCT) excited states of Ru(II) polypyridyl
compounds, which have been well reviewed.28

Like natural photosynthesis, sensitized sol-gel pro-
cessed materials convert light into useful energy by
efficiently separating charge.5 Shown in Scheme 1 are
the electron-transfer processes that can be initiated
when a photon of visible light excites a Ru(II) polypyr-
idyl compound anchored to a TiO2 particle. Light
excitation (1) forms the MLCT excited states that are
known to rapidly inject electrons into TiO2 (2) with a
quantum yield near unity under appropriate condi-
tions.6 This produces an interfacial charge-separated
pair with the electron in TiO2 and the hole localized on
the ruthenium metal center. There exist at least two
possible fates for this charge-separated pair: recombi-
nation to form ground-state products (3) or an external

electron donor, D, can reduce the oxidized form of the
sensitizer (4). This latter process generally enhances
the lifetime of the electron in the solid and moves the
hole from the surface-bound sensitizer to a mobile donor
that can do work external to the semiconductor surface.
The key goals, from an artificial photosynthetic point
of view, are to efficiently separate charge (2) and prevent
energy wasting back reactions (3) and (5). The k1-k5
notation shown in Scheme 1 will be used through out
this review.
Studies in the early 1980s attempted to use the

interfacial charge-separated state to split water into
hydrogen and oxygen in the presence of suitable cata-
lysts (Scheme 2).29 While the photocatalytic yields were
low and reproducibility was a significant obstacle, these
studies did elucidate many of the underlying dynamics
that promote and inhibit charge separation at sensitized
sol-gel interfaces. It is important to emphasize that
sustained production of hydrogen and oxygen in these
sensitized systems has not been achieved. Efficient
water splitting with visible light has long been the holy
grail of artificial photosynthetic assemblies and may one
day be accomplished.5 These studies were not restricted
to sensitized colloids in aqueous solution. The sol-gel
process is sufficiently general that semiconductor par-
ticles can be deposited within porous solids.1 In this
manner, chemically integrated assemblies capable of
efficiently separating charge may be realized.
As described above, there has been a growing effort

to extend colloidal studies to the direct conversion of
light into electricity.6,11,23 To take advantage of nanom-
eter-sized sol-gel processed semiconductor clusters, one
must provide an electron pathway for conduction be-
tween the particles. This has been achieved by briefly
sintering colloidal solutions deposited on conductive
substrates. The resultant material is generally a porous
nanostructured film which retains many of the charac-
teristics of colloidal solutions but is in a more manage-
able form. Furthermore, the Fermi level within each
semiconductor particle can be controlled potentio-

(V)

Scheme 1

Scheme 2
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statically.30-32 Thus both the spectroscopic and elec-
trochemical properties of the material can be probed.
Anchoring molecular sensitizers to the surface of the

porous nanostructured film allows visible light harvest-
ing. In fact the long (∼10 µm) path length afforded by
the porous nanocrystalline film allows near complete
light absorption at wavelengths of light where the
sensitizer absorbs strongly. Shown in Scheme 3 is a
regenerative solar cell based on these materials. The
colloidal materials are deposited on an optically trans-
parent fluorine-doped tin oxide (FTO) support and
illumination is through the FTO. When employed in a
regenerative solar cell with an appropriate redox couple,
these materials convert light into electricity with re-
markable efficiency.6 At individual wavelengths of
light, incident photons are converted to electrons in the
external circuit with near unit efficiency.23 The electron-
transfer processes that allow and inhibit the conversion
of photons into electrons are described in Scheme 1. For
the most efficient solar cells, iodide is the electron donor,
D, which is regenerated at the Pt counter electrode. The
solar cell is therefore termed regenerative since no net
chemistry occurs. The high efficiency and stability of
these cells suggest an economically competitive ap-
proach to solar energy conversion.

II. Literature Results

A. Colloidal Solutions. Early spectroscopic studies
of semiconductor colloids utilized direct ultraviolet
excitation of the solid.33 Recombination, trapping and
interfacial electron-transfer processes were quantified
spectroscopically. The results of these studies have been
reviewed and will not be discussed further here.33 In
the 1980s, Fox,34 Kamat,35 Grätzel,36 and others began
sensitizing TiO2 colloids to visible light with molecular
sensitizers. A key early paper by Grätzel and Moser
described the dynamics of charge separation and re-
combination at a sensitized semiconductor interface for
the first time.13 The sensitizer was eosin Y which has
a broad pH-dependent absorption at ∼520 nm. The
semiconductor was comprised of ∼50 Å spherical TiO2
particles prepared from hydrolysis of TiCl4 as described
above. At high pH the colloid was stabilized with poly-
(vinyl alcohol).
At pH < 7.5 a red-shift in the absorption spectrum

was attributed to adsorption of the eosin dianion to the

colloidal TiO2 surface. A concomitant red-shift and a
dramatic quenching of the luminescence intensity was
also observed. The quantum yield for luminescence
decreased from 0.22 to ∼0.04 when the pH was de-
creased from 8 to 2. Time-resolved absorption spectros-
copy revealed that electron-transfer quenching occurred
from the excited singlet state. Time-resolved resonance
Raman studies demonstrate the presence of the oxidized
eosin and reveal surface-sensitizer interactions.37 The
triplet state of eosin decays with the same kinetics in
free solution and when associated with TiO2, indicating
that interfacial charge separation does not occur from
the triplet state.13 At pH 3 the quantum yield for charge
separation was estimated to be 0.4 with rate constant
8.5 × 108 s-1. It was found that recovery of the oxidized
eosin sensitizer, EO+, followed complex kinetics. Ki-
netic analysis with some assumptions yields a charge
recombination rate of 2 × 105 s-1 and a mean lifetime
of interfacial charge-separated states was ∼5 µs. More
recent picosecond studies have placed the charge sepa-
ration rate at k2 ) 9.5 × 108 s-1 and revealed a
surprisingly small sensitivity of the charge recombina-
tion rate to temperature.36

Some important conclusions from this early study
proved to be very general and are worth emphasizing.13
First, for the singlet state of the sensitizer to inject, the
sensitizer had to be associated with the TiO2 particles.
This is reasonable considering that organic singlet
states are too short-lived for efficient dynamic electron-
transfer quenching in dilute solution. Second, the
kinetics for charge recombination were approximately
103 slower than that for charge separation. As a
consequence, the interfacial charge-separated state lives
for several microseconds and could potentially undergo
secondary redox reactions. These conclusions were
largely supported by subsequent work with other or-
ganic sensitizers and sol-gel processed colloids.34-37

Kamat extended these studies to nonaqueous aceto-
nitrile solution with the sensitizer anthracene 9-car-
boxylic acid, 9-AC.35a,b The TiO2 particles, prepared
from Ti(i-OPr)4, were roughly spherical with a mean
radius of ∼150 Å. The florescence from 9-AC* was
quenched by colloidal TiO2, and analysis of the quench-
ing data revealed an apparent association constant of
6 × 103 M-1.35 Charge injection again occurred only
from the singlet excited state and time-resolved emis-
sion revealed k2 ) 4.8 × 108 s-1. Most of the charge-
separated states recombined rapidly under these con-
ditions, k3 ) 4.4 × 107 s-1. The small fraction of the
charge-separated states that recombined more slowly
were able to reduce an organic substrate. Although the
quantum yield for reduction was low, this work dem-
onstrated that the interfacial charge-separated states
could mediate an organic reduction in acetonitrile
solution.
More recent work by Kamat and Patrick have shown

that dynamic quenching by wide-bandgap semiconduc-
tors can occur.35 Thionine was used to sensitize 20-40
Å ZnO colloids. Thionine had previously been used to
sensitize TiO2 where a sensitizer-semiconductor inter-
action resulted in fast charge separation from the singlet
state. Here, both the ZnO colloids and the thionine
sensitizer were positively charged, precluding such
interactions. Therefore, the luminescence and absorp-
tion properties of thionine were not significantly altered

Scheme 3
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by exposure to ZnO. In contrast, the lifetime of the
thionine triplet excited state decreases from 88 to 15
µs as the concentration of ZnO colloid was increased,
suggestive of interfacial electron transfer. The appear-
ance of the oxidized sensitizer demonstrated an electron-
transfer quenching mechanism that proceeds with a
quantum yield of 0.1.
Grätzel and co-workers first estimated the rates of

interfacial charge separation and recombination with
an inorganic sensitizer.19 The sensitizer was Ru(dcb)3-
(Cl)2, using colloidal TiO2 prepared from TiCl4 as
discussed above. At pH 2 the photoluminescence (PL)
intensity from the sensitizer was dramatically quenched
by the addition of colloidal TiO2. The lifetime of the
excited sensitizer decreased from 600 to 19 ns with some
longer components. Laser actinometry indicated that
the quantum yield for injection was 0.6 ( 0.1 and the
charge separation rate was k2 ) 3.2 × 107 s-1. Time-
resolved absorption spectroscopy revealed a long-lived
transient assigned to the interfacial charge-separated
state. Charge recombination occurred with complex
kinetics and an average rate constant of k3 ) 4 × 105
s-1. Therefore, like previous studies with organic
sensitizers, the charge separation process was ∼1000
times faster than charge recombination. Interestingly,
the PL properties of Ru(bpy)32+ were not affected by
addition of TiO2 at this pH.
We recently extended these studies with hopes of

utilizing the interfacial charge-separated state to oxidize
organic promethazine (PMZ) donors.38 The sensitizer
was Ru(dcb)(bpy)22+ associated with ∼5 nm TiO2 par-
ticles prepared from TiCl4 after dialysis to pH 2 (Figure
1). The PL intensity from Ru(dcb)(bpy)22+* was quenched
by TiO2 particles. Under these same conditions, the Ru-
(dcb)(bpy)22+* lifetime was constant, indicative of a static
quenching mechanism (Figure 2). The data are well
described by the Stern-Volmer model from which an
adduct formation constant of Kad ) 20 ( 2 M-1 was
calculated. A slight broadening of the visible charge-
transfer band of Ru(dcb)(bpy)22+ is observed upon ad-
dition of TiO2.
Time-resolved absorption spectroscopy allowed the

rate constants shown in Scheme 1 to be quantified,
Scheme 4.38 Charge separation occurred within the
laser pulse allowing only a lower limit to be assigned.
At high concentrations of TiO2, the quantum yield for
charge separation was 0.8. In the absence of PMZ,
charge recombination occurred on a tens of microsecond
time scale with a mean rate constant 〈k3〉 of ∼106 s-1.
PMZ efficiently intercepts the charge-separated state
and reduces the oxidized sensitizer. Significantly, this
process shifts the “hole” from the surface-bound sensi-
tizer to a mobile oxidizing equivalent, PMZ+, that can
perform work external to the semiconductor surface.
Further, this process increases the lifetime of the
charge-separated state to the millisecond time scale.
Kinetics for charge recombination of the electron in TiO2
with PMZ+ follow a second-order equal concentration
kinetic model, k5.
Recent work by Ford and Rogers have utilized com-

mercially available SnO2 colloids.39 It had previously
been shown that tin oxide colloid quenches the emission
of Ru(bpy)32+ in alkaline solution.40 These studies
confirm an electron-transfer mechanism for a chemically
related sensitizer, Ru(bpy)2L2+, where L ) 5-hexadeca-

mido-1,10-phenanthroline. Electrostatically and co-
valently bound assemblies were explored using time-
resolved spectroscopy. The rate of charge separation
was much faster, >2 × 107 s-1, than charge recombina-
tion. The charge recombination kinetics were fit to a
distribution model with average rate constants on the
105-106 s-1 time scale. These studies were later
extended to surfactant bilayers with the cationic di-
dodecyldimethylammonium ion, DDMA+, and a zwit-
terion, 1,2-dioctanoyl-sn-glycero-1-phosphocholine with
1,1′-di-n-hexadecyl-4,4′-bipyridinium ion, CV2+. Light
excitation of the Ru(II) sensitizer led to rapid electron
transfer to SnO2 followed by electron transfer to CV2+.
Charge recombination from CV•+ to RuIII(bpy)2L3+ was
an order of magnitude slower than that observed from
SnO2(e-). Efficient charge separation coupled with slow
charge recombination and the commercial availability
of the SnO2 colloids make these assemblies attractive
for applications in photocatalysis.39
An advantage of the sol-gel process is that it allows

wide-bandgap semiconductor materials to be deposited

Figure 2. (a) Steady-state quenching of the Ru(dcb)(bpy)22+*

PL intensity by TiO2 colloid at pH 2. The excitation wavelength
was 460 ( 2 nm. (b) Stern-Volmer analysis of the PL quantum
yield (circles) and lifetimes (squares) indicates a static mech-
anism.

Scheme 4
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in different materials. The incorporation of colloidal
TiO2 into zeolite materials and subsequent dye sensi-
tization has been achieved.41 Platinated linear channel
zeolites were loaded with TiO2 by the hydrolysis of
titanium tetraalkoxide or TiCl4. In addition, Nb2O5

particles were deposited by a sol-gel process fromNbCl5
or Nb(OMe)5(pyridine) precursors. Note that the semi-
conductors were deposited on both external and internal
surfaces of the zeolite. The zeolites were next loaded
with Ru(dcb)3Cl2 and then with methylviologen (MV2+)
as an electron shuttle. The resulting composite is a dye
sensitized semiconductor trapped inside a zeolite with
platinum patches and an electron shuttle to transport
electrons from the semiconductor to the platinum, where
it is hoped water reduction to hydrogen gas might occur.
A pictoral representation of the idealized assembly is
shown in Scheme 5 .
When the size-excluded photosensitizer was adsorbed

onto the surface of TiO2 and Nb2O5, the photolumines-
cence was quenched. Charge separation in the Ru(dcb)3/
TiO2/zeolite system occurred within the laser pulse.
Charge recombination was measured by diffuse reflec-
tance transient absorption spectroscopy for the TiO2

assembly. For both zeolite materials, charge recombi-
nation was about 100 times slower, k3 ∼ 103 s-1, than
that measured by Grätzel and co-workers in aqueous
colloidal solution.19 Addition of iodide shuttles the hole
from the oxidized sensitizer to I- that forms I2•- and
prolongs the lifetime of the charge-separated pair to the
millisecond time scale. Cation exchange of MV2+ or
dicyanomethylviologen (DCV2+) was performed to collect
the electrons in TiO2. DCV2+ was reduced by TiO2(e-)
to form the charge-separated state, RuIII(dcb)3/TiO2/
zeolite (DCV•+), that has a lifetime of ∼120 µs. Inter-
estingly, the electrons in TiO2 were unable to reduce
MV2+ under these conditions. A hydrogen evolution
quantum yield was measured to be 1% with sacrificial
electron donors. The sensitized Nb2O5 particles did
display a small yield of hydrogen with reversible
electron donors.41

B. Colloidal Thin Films. The art and science of
sensitizing colloidal sol-gel processed metal oxide films
stems from early work done with single-crystal elec-
trodes in the 1970s and early 1980s.7-10 The poor light-
harvesting efficiency of a sensitizer monolayer on a flat
single-crystal surface produced photocurrent in a low
and impractical yield. Sensitization of high surface area
materials allows high light-harvesting efficiency that
increased the solar conversion efficiency significantly.
This work culminated with the report by Grätzel and
O’Regan of a 7.5% efficient solar cell under simulated
sunlight conditions.6 The efficiency, stability, and low-
cost processing suggested an economically competitive
approach to solar energy conversion. This breakthrough
was realized by significant advances in supramolecular
sensitizer design, sol-gel processing, and electrolyte
modification.

The preparation of sensitized nanocrystalline TiO2,
ZnO, and SnO2 films for sensitization studies have been
discussed in the Introduction and Background section.
The interfacial electron-transfer processes that allow
(and inhibit) the light-to-electrical energy conversion are
shown in Scheme 1. For simplicity it is worthwhile to
consider these processes sequentially. Since the most
efficient and widely studied sensitizers for this applica-
tion have been Ru(II) polypyridyl compounds, we will
focus the discussion on these sensitizers.
1. Charge Separation (k2). The high light-to-electri-

cal energy conversion efficiency measured in regenera-
tive solar cells demonstrates that electron transfer from
the excited sensitizer to colloidal semiconductors can
occur with a quantum yield of unity.6 Photocurrent
action spectra, plots of photocurrent efficiency versus
excitation wavelength, closely resemble the absorption
spectra of the sensitizer, indicating that MLCT excita-
tion occurs before electron injection as shown in Scheme
1.6 A representative absorption and photocurrent action
spectra are shown in Figure 3. Most direct methods for
estimating the rate of charge separation were limited
by instrumental response times and revealed only a
lower limit, k2 > 107 s-1. Early work used time-resolved
PL to indirectly measure charge-separation rates.
The PL properties of Ru(II) polypyridyl sensitizers on

nanocrystalline supports were recently reviewed.42 In-
terestingly, despite gross differences in particle sizes,
sensitizers, and surface-sensitizer interactions, the
time-resolved PL data from the charge-transfer sensitiz-
ers are remarkably similar. The different rates avail-
able in the literature therefore largely reflect differences
in analysis. The electron-transfer rate was calculated
as the difference between the sensitizer excited-state
lifetimes on the semiconductor, τsc, and a substrate
where electron transfer does not occur, τins (eq VI). In

practice, sensitizer lifetimes on insulators are so much
longer lived than those on semiconductor materials that
k2 ∼ 1/τsc. The main assumptions in the use of eq VI is
that electron transfer is the only quenching mechanism
on the semiconductor not present on the insulator and
that the sum of the radiative and nonradiative decay

Scheme 5

Figure 3. Photocurrent action (squares) and absorbance
(triangles) spectra of Ru(dcb)(bpy)22+ anchored to a nanocrys-
talline TiO2 film. The photocurrent action spectra was recorded
in 0.5 M LiI, 0.05 M I2 in acetonitrile where the IPCE is the
incident-photon-to-current efficiency. The absorbance spectra
was recorded in 0.1 M LiClO4 acetonitrile electrolyte.

k2 ) 1/τsc - 1/τins (VI)
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components (kr + knr) of the sensitizer is independent
of substrate. A significant difficulty in quantifying the
PL decays from excited sensitizers anchored to sol-gel
processed particles is the appearance of complex kinet-
ics. The decays do not follow first-order kinetics, and
discrete lifetimes therefore do not exist.42 It has largely
been assumed that the complex kinetics are a result of
underlying heterogeneity and the decay kinetics are
modeled as a sum of discrete rates. In some cases, as
many as four rates and therefore eight parameters are
required to accurately model the data. The difficulty
with this approach is that highly correlated parameters
with significant experimental uncertainty are obtained.
Furthermore, the rates may have little real meaning if
the kinetics are actually a result of an underlying
distribution.
The recovery of distributions of lifetimes or rates from

temporal data is nontrivial. The problem is closely
related to the inversion of Laplace transforms which is
inherently ill-conditioned.43 A recent distribution analy-
sis of the PL decays from Ru(dcb)(bpy)22+, cis-Ru(dcb)2-
(CN)2, and cis-Ru(dcb)2(NCS)2 anchored to nanocrystal-
line TiO2 in operational solar cells and ZrO2 under the
same conditions was reported.42 In analyzing time-
resolved PL data, the recovered decays were modeled
with a variety of analytical distributions that represent
the underlying amplitude distribution. It was found
that symmetric distributions such as Gaussian, Lorent-
zian, or uniform distribution with appropriate signal-
to-noise, were unable to model the data. However, the
Albery and Kohlrausch-Williams-Watts (KWW) mod-
els,44 which are based on log-normal and Levy distribu-
tions of decay rates respectively, will. It is the skewness
or asymmetry of these distributions that is significant,
and it is likely that many other skewed distributions
will model these data equally well.42

A shortcoming of a distributional approach is the a
priori assumption of a continuous distribution of rates.
In principle this shortcoming can be overcome through
the use of regularization techniques such as maximum
entropy analysis.45 However, the validity of any regu-
larization procedure is an unresolved issue. An advan-
tage of the distributional approach is that only two
parameters are required to fit all the normalized data.
These parameters are not highly correlated and a well-
defined error surface is obtained. Further, if one accepts
that the complex PL decays do represent underlying
dispersive kinetics, the inverse Laplace transforms are
known and the distributions can be recovered. In this
manner some insights into the underlying physical
processes may be obtained when a larger base of
experimental data is available. Further, for estimating
charge separation rates, distributions of lifetimes can
be utilized with eq VI. The results for the Albery model
applied to the sensitizer Ru(dcb)(bpy)22+ anchored to
nanocrystalline TiO2 are shown in Figure 4. The rates
reveal a broad distribution of charge-separation rates
with peak amplitude ∼109-1010 s-1. To date, these are
the only estimates of the electron injection rates in
operational high-efficiency solar cells.42 It is important
to emphasize, however, that PL is an indirect method
for measuring electron-transfer rates and is subject to
the uncertainty of the assumptions described above.
Kamat and Fessenden have examined the PL proper-

ties of the sensitizer Ru(dcb)(bpy)22+ anchored to col-

loidal ZnO, TiO2, and SnO2 films and have estimated
the rate of electron injection from these data.46 PL
decays at 650 nm were modeled as a biexponential
decay, with an approximate order of magnitude differ-
ence between the fast and slow rate. Following selective
excitation of the sensitizers, direct evidence for electron
injection came from an absorption growth in the micro-
wave region assigned to conduction band electrons. For
SnO2 and ZnO, the microwave kinetics agreed well with
the electron injection rates from PL quenching mea-
surements. The electron-transfer rates were calculated
from these data, k2 ) (1-3) × 108 s-1. It is not clear
how charge trapping and detrapping may affect the
microwave absorption change measured. The calculated
electron-transfer rates showed an interesting correlation
with the energy difference between the sensitizer excited-
state oxidation potential and the energy of the semi-
conductor conduction band edge (∆E in Scheme 6). The
rate was found to increase with ∆E. In fact, the raw
experimental data reflects this: the larger ∆E, the
faster the PL decays to baseline. A similar behavior
had previously been observed for sensitized semiconduc-
tor powders.47 Further, if the pseudo-Fermi level in
TiO2 nanocrystalline films is shifted positive with an
externally applied potential, the rate of electron injec-
tion increases from that observed at more negative
potentials.31 Charge separation, therefore, appears to
be sensitive to sensitizer and semiconductor energetics
in a manner that is not easily rationalized.
Very recently, a femtosecond time-resolved absorption

study of cis-Ru(dcb)2(NCS)2 anchored to a nanocrystal-
line TiO2 film in 1:1 ethylene carbonate/propylene
carbonate solvent was reported.48 The authors were

Figure 4. Distribution of electron injection rates for Ru(dcb)-
(bpy)22+ anchored to a nanocrystalline TiO2 film in a regenera-
tive solar cell with 0.5 M NaI/0.05 M I2 in proylene carbonate.
The electron injection rates, k2 in Scheme 1, were calculated
through a distribution analysis of the time-resolved PL decays
monitored at 700 nm as described in the text.

Scheme 6
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able to spectroscopically observe both halves of the
interfacial charge-separated pair, the oxidized sensitizer
and the electron in TiO2. Unfortunately, at long obser-
vation wavelengths, λ ) 650-900 nm, these absorption
features overlapped with each other and with excited-
state absorption, making assignments and analysis
difficult. Detailed analysis of the transient absorption
data indicate that the electron injection process is at
least biphasic with ∼50% injecting in less than 150 fs
and 50% in 1.2 ps. The results suggest that under
appropriate conditions, interfacial charge separation can
be very fast, perhaps occurring from the Franck-
Condon state.50 This important conclusion should allow
new classes of sensitizers with very short excited-state
lifetimes to be utilized for efficient interfacial charge
separation.
For all the sensitizers cited above light excitation is

localized on the surface-bound dcb ligand. Goodenough
first proposed that the ester linkage should enhance
electronic coupling between the π* orbitals of the
bipyridine ring and the Ti 3d orbital manifold of the
semiconductor.7 In support of this, a comparison of the
solution absorption spectrum with the photoaction
spectrum on rutile reportedly reveals a significant red-
shift upon surface attachment.49 A similar energy shift
was observed for cis-Ru(dcb)2(NCS)2 anchored to ana-
tase nanocrystalline films,52 which is consistent with
stabilization of the MLCT excited states by the TiO2
surface. Recent vibrational studies support the pres-
ence of surface ester bonds.24 However, whether this
linkage increases charge-separation efficiency or pro-
motes electronic coupling between the sensitizer and the
surface remains largely unknown. Further, whether the
sensitizer need be covalently bound to the semiconduc-
tor surface remains unknown.
Sensitizers where the surface anchor is not directly

coupled to the chromophoric ligand have allowed these
issues to be addressed. For example, the photoelectro-
chemical properties of Ru(II) polypyridyl sensitizers that
contain a propylene spacer between the bipyridine
ligand and the surface anchoring group reveal mono-
chromatic photon-to-current efficiencies of 0.3-0.5.21
Further, time-resolved absorption measurements were
unable to resolve the rate of electron injection, k2 > 107
s-1. However, the spacer is flexible, and the orientation
of the sensitizer with respect to the surface is unknown.
Nevertheless, the results indicate that a direct linkage
between the chromophoric ligand and the semiconductor
is not a strict requirement for efficient charge separation
at these interfaces.
In an effort to achieve improved molecular control of

sensitizer orientation, bimetallic coordination com-
pounds based on rhenium and ruthenium were explored
where the facial geometry of the Re center holds a Ru
sensitizer proximate to the TiO2 surface, Scheme 7.51
Recently, the photophysical and photoelectrochemical
properties of two Re-(CN)-Ru linkage isomers an-
chored to nanostructured TiO2 films were reported. The
results demonstrate rapid efficient interfacial electron
transfer and a remarkably high light-to-electrical energy
conversion even though the sensitizer is remote to the
semiconductor-bound ligand. Therefore, a direct chemi-
cal bond between the chromophoric ligand of Ru(II)
sensitizers and the TiO2 surface does not appear to be
a requirement for efficient charge separation. While it

could be argued that these supramolecular sensitizers
represent a special case, this scenario appears unlikely.
For example, the photoelectrochemical properties of Ru-
(II) polypyridyl sensitizers that contain a propylene
spacer between the bipyridine ligand and the surface
anchoring group reveal monochromatic PCEs of 0.3-
0.5, as discussed above.21 Further, in the original report
of sensitization of rutile single crystals by Ru(II) poly-
pyridyl sensitizers, Clark and Sutin concluded that the
quantum yield for electron injection from Ru(4,7-(CH3)2-
1,10-phenanthroline)32+* is close to unity despite a low
photocurrent observed.8d It therefore appears that
efficient electron injection from MLCT excited states to
TiO2 can occur in the absence of any semiconductor-to-
sensitizer link. An important implication from this
conclusion is that sensitizers anchored to TiO2 through
nonchromophoric ligands or without a direct chemical
bond may also be efficient for sensitization of wide-
bandgap nanocrystalline semiconductors.
2. Charge Recombination (k3). Electron transfer from

the semiconductor to the oxidized sensitizer wastes the
energy stored in the charge-separated state. Initial
studies of sensitized TiO2 colloids revealed that this
process occurs on a tens of microsecond time scale.
Recombination occurs on this same time scale, k3∼ 105-
106 s-1, for nanocrystalline TiO2 and SnO2 films with
Ru(II) sensitizers that have oxidation potentials be-
tween ∼0.8 and 1.1 V vs SCE.21,27,51,53 Organic sensitiz-
ers recombine on this, or slightly faster, time scales.54,55
Therefore, charge separation is 3-5 orders of mag-

nitude faster than charge recombination, k2/k3 > 103.
This difference in interfacial electron-transfer kinetics
largely underlies the high efficiency of solar cell based
on sol-gel processed colloids. The question then natu-
rally arises, why is the back reaction so slow relative to
the forward electron-transfer rate? While a clear an-
swer to this question is not known, several possibilities
have been suggested in the literature.23 Since different
molecular orbitals are involved in the forward and
reverse electron-transfer processes, different rates are
expected. Electron injection occurs from the π* levels
of the bipyridine ligand while back electron transfer
occurs to the t2g orbitals of the Ru(III) center. The
thermodynamic driving force for the two processes are
not easily calculated since the nature and energetics of

Scheme 7
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the redox-active state(s) in TiO2 remain unknown.
However, there exists some evidence that the back
reaction falls in the Marcus inverted region for related
sensitizers36b,56 while the forward reaction may be
activationless.57 The driving force dependence of k3 will
be discussed further below.
In sensitized single-crystal materials, the back reac-

tion is thought to be inhibited by the electric field region
at the semiconductor surface.10 More specifically, the
semiconductor depletion region sweeps the injected
electron toward the bulk and away from the oxidized
sensitizer, thereby inhibiting the back reaction. The
extent to which similar processes might occur in the
nanostructured materials described here is unknown
but is expected to be much less. The application of
models developed for bulk semiconductors to colloidal
materials is not straightforward, especially when the
semiconductor particle is very small.32 The small size
severely restricts the magnitude of the electric field a
particle can support and concepts such as depletion or
accumulation layers may not be generally applicable.58
Further, charge recombination measurements made
under potentiostatic conditions fail to reveal any electric
field dependence for this process,31 as discussed further
below.
An important aspect of the charge-recombination

process is its dependence on thermodynamic driving
force. Currently there exists no consensus on whether
k3 falls in the Marcus normal or kinetic inverted region,
and evidence for both has been advanced in the litera-
ture.36,56,59 Part of the difficulty in addressing this issue
lies in modeling the complex kinetics observed spectro-
scopically after selective excitation of the surface bound
sensitizer. The inset in Figure 5 shows a time-resolved
absorption bleach that corresponds to reduction of RuIII-
(dcb)(bpy)2/TiO2 by electrons in TiO2, k3. Approximately
two-thirds of the signal recovers in the first 1.5 µs, and
the remaining signal (not shown) recovers on a tens of
microseconds time scale. The data cannot be fit to a
first- or second-order kinetic model but can be described
by a sum or distribution of first-order rate constants.

As stated previously, average rate constants k3 ∼ 105-
106 s-1 have generally been reported for Ru(II) poly-
pyridyl sensitizers.21,27,51,53

The sensitizers cis-Ru(dcb)2(CN)2 and cis-Os(dcb)2-
(CN)2 anchored to sol-gel processed TiO2 and DeGussa
TiO2 provide an interesting comparison since the oxida-
tion potential of the Ru(II) sensitizer is 340 mV more
positive than that of the Os(II) sensitizer.59 Therefore,
assuming a common donor state(s) in TiO2, the driving
force for charge recombination should be 340 mV larger
for the Ru(II) sensitizer.59 However, average rate
constants estimated from diffuse reflectance data for a
large number of sensitized materials were, within a
factor of 2, the same.64 In addition, charge recombina-
tion for bimetallic Re-(CN)-Ru linkage isomers de-
scribed above are within experimental error the same,
despite a 130 mV difference in driving force, 〈k3〉 ) 3 (
1 × 105 s-1.51

Hupp and co-workers have found that the fast com-
ponent of an absorption transient, assigned to charge
recombination, was insensitive to pH over 13 decades
of H+ concentration. For single-crystal electrodes the
flat-band potential is known to shift 59 mV/pH unit.
Assuming the sensitizer oxidation potential is pH
independent and that electron transfer occurs from a
TiO2 donor state that also displays this pH dependence,
the driving force for charge recombination should have
been varied by over 470 mV. Yet there was no observed
change in the kinetics of the fast component.60 More
recent data suggest that the sensitizer oxidation poten-
tial may also be pH dependent when anchored to the
semiconductor surface.61 More studies are needed
before this interesting interfacial behavior can be fully
understood.
Another strategy for slowing charge recombination is

to apply an electric field to the nanocrystalline film. In
this manner the Fermi level within each semiconductor
particle can be controlled and possible changes in
recombination kinetics can be monitored.30,31 Kamat
and co-workers found that the charge-recombination
kinetics observed after excitation of Ru(dcb)(bpy)2/SnO2

at different applied potentials were within experimental
error the same.31 A potential-independent charge-
recombination process was observed on a tens of micro-
seconds time scale. An interesting observation from
these studies, and others with sensitized TiO2,30,42 is
that the charge-separation yield decreased as the Fermi
level in the colloidal film was shifted toward the vacuum
level. The decreased injection yield manifests itself in
an increase in PL intensity and sensitizer excited-state
lifetime. This behavior is unexpected. The decreased
photocurrent observed near the flat-band condition in
sensitized single-crystal materials is not thought to be
due to a decreased quantum yield for electron injection.
Instead, excited-state electron transfer occurs, but the
lack of a substantial surface electric field results in rapid
recombination and inefficient photocurrent production.10
It therefore appears that the increased PL quantum
yield is a special feature of sensitized nanocrystalline
metal oxide semiconductors. It remains unclear why
the quantum yield for charge separation decreases with
negative applied potentials; however, a trap filling and/
or decreased sensitizer-semiconductor electronic cou-
pling have been suggested.42

Figure 5. Time-resolved absorption difference spectra re-
corded after pulsed light excitation (532 nm, ∼1 mJ/cm2, 8 ns
fwhm) of a Ru(dcb)(bpy)2/TiO2 film in 0.1 M LiClO4 acetonitrile
solution. The absorption spectra corresponds to the oxidized
sensitizer and were recorded at 10 ns (squares), 25 ns (circles),
50 ns (triangles), 100 ns (upside down triangles), 400 ns
(diamonds), and 1.00 µs (squares). The inset shows the time-
resolved absorption monitored at 402 nm that corresponds to
k3 in Scheme 1.
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One strategy to increase charge-separation lifetimes
is to covalently bond a secondary donor to the Ru(II)
sensitizer. This strategy was explored with the sensi-
tizer, [Ru(dcb)2(bpy-PTZ)], shown in Scheme 8.62 Less
than 20 ns after excitation of the surface-anchored [Ru-
(dcb)2(bpy-PTZ)] sensitizer, an electron is injected into
TiO2 and the PTZ group reduces the metal center. It is
unclear which happens first. The net effect is to shift
the “hole” from ruthenium to the pendent PTZ group
by rapid intramolecular electron transfer. These excited-
state electron-transfer reactions produce interfacial
charge-separated pairs that are remarkably long-lived,
k ) 3.6 × 103 s-1. Visible excitation of a model
compound that does not contain PTZ, Ru(dmb)(dcb)2/
TiO2, under the same conditions results in the formation
of an interfacial charge-separated state that recombines
with complex kinetics and an average rate, 〈k3〉 ) 3.9 ×
106 s-1. Therefore, the recombination rate is slowed by
∼103 by translating the “hole” from the metal center to
the pendent PTZ group. Further studies are required
to ascertain whether the long lifetime of the charge-
separated states results from orientation of the PTZ+

group, a change in driving force, and/or spin effects.
When employed as a photoanode in a regenerative

solar cell with iodide as an electron donor, [Ru(dcb)2-
(bpy-PTZ)]/TiO2 efficiently converts photons into elec-
trons. For a large number of samples the IPCE is 45 (
10%, which is within experimental error the same as
that observed for Ru(dcb)2(dmb)/TiO2 photoanodes mea-
sured under the same conditions. A key difference in
the photoelectrochemical properties, however, is an
∼100 mV larger open-circuit photovoltage, Voc, for [Ru-
(dcb)2(bpy-PTZ)]/TiO2 when compared to Ru(dcb)2(dmb)/
TiO2, which serves as a model. Voc defines the maxi-
mum Gibbs free energy that can be obtained from a
photoelectrochemical cell under constant light irradi-
ance conditions.65 The maximum open-circuit photo-
voltage attainable is the energetic difference between
the Fermi level of the solid under illumination and the
Nernst potential of the redox couple in the electrolyte.
However, this maximum has not been realized, and
there is growing evidence that Voc is kinetically limited
by electron tunneling through the solid to the oxidized
form of the dye and/or the electron donor.66
Lewis and co-workers have examined the factors that

control open-circuit voltages in regenerative photoelec-
trochemical cells based on crystalline Si materials in
great detail.67 They find that Voc is not a thermody-
namic quantity but rather a kinetic variable of a

photostationary state. For an n-type semiconductor the
open-circuit voltage is the potential at which the major-
ity carrier current density due to electron injection from
the conduction band (Iinj) exactly offsets the photo-
generated interfacial hole current density from the
valence band. Equation VII and modified forms, often

referred to as diode equations are applicable where n
is the concentration of electrons in the semiconductor,
and ki is the electron-transfer rate to acceptor Ai.67
If one assumes that Iinj is the same for [Ru(dcb)2(bpy-

PTZ)]/TiO2 and Ru(dcb)2(dmb)/TiO2, than the measured
interfacial kinetics and eq VII predict a 200 mV larger
Voc for [Ru(dcb)2(bpy-PTZ)]/TiO2. In fact the measured
open-circuit voltage in the absence of iodide is 180 (
30 mV over 4 decades of irradiance, in excellent agree-
ment with the calculated value.38 It therefore appears
that the molecular charge recombination rates can be
directly related to the open-circuit photovoltage of an
operational solar cell.38,62
3. Donor Redox Chemistry, k4 and k5. Surprisingly

few studies have utilized the interfacial charge-sepa-
rated state to oxidize a donor, k4, and monitor the
subsequent recombination, k5.38,63 Phenothiazine do-
nors with Ru(dcb)(bpy)2/TiO2 nanocrystalline films have
been employed in this regard.38 Visible light excitation
of Ru(dcb)(bpy)2/TiO2 rapidly forms the interfacial charge-
separated state as discussed above. Phenothiazine
donors efficiently intercept the charge-separated state
and reduce the oxidized sensitizer in propylene carbon-
ate electrolyte. The bimolecular electron-transfer rate
was measured to be k4 ) 3.2 × 108 M-1 s-1. Signifi-
cantly, at high phenothiazine concentrations all the
oxidized sensitizers in the nanocrystalline film could be
accessed by the donors within experimental error.
Recombination of the electron in TiO2 with the oxidized
phenothiazine followed a second-order equal concentra-
tion kinetic model under the same conditions. Uncer-
tainties in the appropriate optical path length lead to a
systematic error in calculated rate constants. However,
k5 was approximately 107-108 M-1 s-1, consistent with
colloidal solution studies where the path length was
better defined. Unfortunately, the recombination pro-
cess is very efficient and oxidized phenothiazines are
unable to escape the sensitized TiO2 network. There-
fore, the use of phenothiazine donors in regenerative
solar cells results in negligible photocurrent produc-
tion.38
Preliminary estimates of k4 with iodide as the donor

were made by diffuse reflectance and absorption spec-
troscopy of the fractal TiO2, Degussa, and transparent
anatase films sensitized with cis-Ru(dcb)2(CN)2 and cis-
Os(dcb)2(CN)2.64 The recovery of the charge-transfer
bleach, after selective excitation of the sensitizer, was
measured in the presence and absence of 0.5 M I-. The
addition of 0.5 M I- resulted in the prompt recovery for
the Ru(II) sensitizer but had a much smaller effect on
the kinetics for the Os(II) sensitizer. The prompt
recovery of the Ru(II) state results from rapid iodide
oxidation, and the data were used to estimate that rate,
k4 ) 2 × 107 s-1 at 0.5 M NaI in propylene carbonate.
The slow recovery of the Os(II) sensitizer in the

Scheme 8
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presence of 0.5 M I- explains why the cis-Os(dcb)2(CN)2
sensitizer produced a lower photocurrent in regenerative
solar cells with iodide;59 a sluggish iodide oxidation rate
allows efficient charge recombination k3 to occur.
An issue that remains unanswered is what prevents

recombination of electrons in TiO2 with oxidized iodide
products? Perhaps the most remarkable aspect of the
efficient solar cells based on these materials is that
injected electrons are able to diffuse through the TiO2

network without recombination. Recently it has been
found that Voc increases when pyridine and other
adsorbates are exposed to the TiO2 surface.66 This
suggests that these adsorbates slow recombination of
electrons trapped in TiO2 with iodine acceptors (eq
VII).66 Therefore, k5 may be very sensitive to surface
composition. Direct spectroscopic proof of a decreased
recombination rate is still lacking. In addition, the
absolute rate constant and the chemical species that
participate in this redox chemistry are unknown.
Clearly, for phenothiazine donors (and presumably other
outer sphere electron donors)68 recombination is efficient
and little measurable photocurrent results.38

III. Conclusions

The literature results reviewed here reveal efficient
charge separation at sensitized sol-gel processed semi-
conductor interfaces. Remarkably, the quantum yield
for charge separation can be close to unity for a wide
variety of sensitizers and colloidal semiconductor par-
ticles. Further, the charge separation rate is often 102-
106 times faster than the charge recombination process.
This fortuitous difference in rates, coupled with high
solar light harvesting, largely underlies the efficiency
of regenerative solar cells based on this technology. The
interfacial charge-separated states can also be utilized
to generate hydrogen fuel in photocatalytic assemblies.
The efficient solar cells that have recently been

realized with sensitized sol-gel processed nanocrystal-
line semiconductor films has encouraged experimental
activity in this area. Some recent observations include
the realization of ultrafast charge separation which
suggests that new classes of sensitizers with very short
excited-state lifetimes may efficiently separate charge.48
Organic sensitizers can be quite efficient, but suffer from
poor long-term stability.54,69 Inorganic, sensitizers based
on Ru(II) polypyridyl coordination compounds anchored
to nanocrystalline TiO2 materials display the most
favorable combined efficiency and stability.6 Lately,
results suggest that a covalent linkage between the
sensitizer and the semiconductor is not a requirement
for efficient charge separation.21,51 In fact, an undeter-
mined sensitizer-semiconductor orientation may exist
where charge separation still occurs with a quantum
yield near unity, but the back reaction is further
inhibited thereby yielding higher open-circuit photo-
voltages in regenerative solar cells. Charge recombina-
tion rates are typically 105-106 s-1 (depending largely
upon the model used to describe them) and appear to
be insensitive to pH or the Fermi level in the semicon-
ductor particles under potentiostatic conditions.31,60 The
charge recombination rate can be slowed substantially
by translating the “hole” from the metal center to a
pendent organic donor.38,62

This summary reveals that interfacial charge separa-
tion and recombination at sensitized sol-gel processed
interfaces are becoming reasonably well understood.
However, important issues remain unresolved. Still
lacking is a reasonable model to account for the complex
charge recombination kinetics. Basic information, such
as the order of this process, remains generally unknown.
Further, what prevents rapid and efficient recombina-
tion of injected electrons with oxidized iodide products?
What is particularly needed is detailed information
concerning the chemical nature and energetics of the
redox active states in the semiconductor material.
Traditionally, band theory has described the electronic
and optical properties of semiconductor materials phe-
nomenally well.70 However, it is not clear that band
theory provides useful insights for these materials and
interfacial processes. In fact, there exists very little
experimental evidence for delocalized conduction band
electrons in any of the sol-gel processed materials
reviewed here. It is becoming increasingly apparent
that localized surface state(s) may participate in inter-
facial electron transfer and in the conduction pro-
cess.32,71 In TiO2, the presence of localized redox-active
TiIII states is well documented, although the coordina-
tion sphere and oxidation potentials remain specula-
tive.72 In principle, sol-gel science can give unique
insights into these molecular semiconductor issues. The
high surface area afforded by these materials should
make absolute identification of surface states more facile
than in single-crystal materials. Once resolved, experi-
mental data on interfacial charge separation, carrier
transport, and the potential distribution within the
nanocrystalline films can be more fully rationalized.
An important area for future studies is with alterna-

tive sol-gel processed semiconductors. To date, the only
materials studies in detail are binary oxides SnO2, TiO2,
and ZnO. Ternary materials such as SrTiO3 or BaTiO3

and other wide-bandgap semiconductors are ripe for
study. In addition, the sol-gel process allows the
preparation of semiconductor heterostructures, where
one or more semiconductor material is coated onto
another.73 Such materials in principle could allow
charge to be directed away from or toward the oxidized
sensitizer. Preliminary photophysical results and pho-
tocatalysis with these novel structures have just begun
to appear in the literature.74

As stated at the outset, the vast majority of studies
have been initiated with solar energy conversion in
mind. However, other applications do exist. The dra-
matic color changes that accompany interfacial electron
transfer could be utilized in optical switches and storage
devices, for example.75 Photochromic windows based on
this property have in fact recently appeared.76 Also, the
materials can electroluminesce, opening potential ap-
plications in luminescent displays.77

In conclusion, sol-gel processed semiconductors ma-
terials allow one to explore the fate of molecular excited
states both spectroscopically and electrochemically.
Fundamental studies may ultimately lead to molecular
control of excited-state processes at these fascinating
interfaces. The potential molecular applications that
exist and fundamental intellectual issues that remain
ensure a bright future for further research at sensitized
sol-gel processed semiconductor materials.
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